Private water supplies, which are the primary source of drinking water for rural communities in developed countries, are at risk of becoming fecally contaminated. It is important to identify the source of contamination in order to better understand and address this human health risk. Microbial source tracking methods using human, bovine and general Bacteroidales markers were performed on 716 well water samples from southeastern Ontario, which had previously tested positive for Escherichia coli. The results were then geospatially analyzed in order to elucidate contamination patterns. Markers for human feces were found in nearly half (49%) of all samples tested, and a statistically significant spatial cluster was observed. A quarter of the samples tested positive for only general Bacteroidales markers (25.7%) and relatively few bovine specific marker positives (12.6%) were found. These findings are fundamental to the understanding of pathogen dynamics and risk in the context of drinking well water and will inform future research regarding host-specific pathogens in private well water samples.
INTRODUCTION
Escherichia coli (E. coli) has been used as fecal indicator bacteria since the early 1900s to identify contaminated water sources, as they are a normal inhabitant of the GI tract and found in most mammals, including humans, livestock and wildlife (Klein & Houston ) . Although the presence of E. coli is considered to be an effective indicator of fecal contamination in drinking water, it does not reveal any information about the fecal source (Okabe et al. ) .
Microbial source tracking (MST) methods have been recently
developed, and successfully applied to address this limitation.
MST methods fall into two general categories: library dependent and independent, the latter of which relies on sourcespecific targets (Hagedorn et al. ) . In order for MST to be effective, it is crucial that the targeted gene sequences are only present in the feces of hosts under investigation. The 16S rRNA gene is a frequently selected bacterial target for library independent MST as it is highly conserved and therefore host specific and detectable in diluted quantities (Shanks et al. ) . The order Bacteroidales is the most widely used microbial source marker, because it is easily detected in environmental waters due to its great fecal abundance. Furthermore, high host-specificity, strict anaerobic physiology, regional stability and direct analytic capability with polymerase chain reaction (PCR) make this marker a prime candidate for MST studies (Kirs et al. ) . Recently, Lee et al. () developed a quantitative TaqMan real-time PCR assay using the 16S rRNA genetic markers of Bacteroidales; the assay successfully detected fecal pollution sources from human and bovine hosts. Bacteroidales MST methods have been utilized in freshwaters such as river watersheds, creek watersheds and alpine karst spring catchments (Hagedorn et al. ) . This study investigated a region that includes four public health units (PHUs) in southeastern Ontario, where bacteriological analysis of private well drinking water is available to all well owners through Public Health Ontario (PHO). This region has a 47% rural population (in comparison to 14.4% for the province of Ontario) (Statistics Canada ). Properties with private wells, which lack access to municipal services (drinking water provision and wastewater treatment), were targeted in this study.
The overall goal of this study was to characterize the source of fecal contamination in private drinking water wells in southeastern Ontario in order to assess the risk of host-specific pathogens, and to establish a knowledge base for identifying potential origins of contamination. The two major objectives were to: (1) determine the host-specificity of fecal contamination through the application of MST; and (2) investigate possible geospatial patterns of hostspecific contamination. When released into the medium via glucuronidase activity, BCIG is insoluble, accumulating within the cell, and colouring presumptive E. coli colonies blue (Ogden & Watt ) .
METHODS
Only presumptive E. coli positive submissions were included in this study. Each presumptive E. coli positive sample underwent a second identical filtration step, using the remaining 100 mL of well water in the sample bottle. The filter was then rolled, placed in a cryovial and suspended in 2 mL of NucliSENS ® easyMAG ® Lysis buffer for 1 hour at 37 W C.
The DNA was extracted using an automated NucliSENS ® easyMAG ® DNA extractor to a final volume of 60 μL and extracts were stored at À20 W C. Filtration controls were obtained by filtering 100 mL of buffered water and applying the extraction procedure above.
Real-time PCR assays
Primer and probe sequences, designed for detecting hostspecific Bacteroidales 16S rRNA genetic markers in environmental samples (Lee et al. ) and shown in Standard quantification plasmids for each assay were created using cloning methodology previously described by Lee et al. () with one modification -a TOPO ® TA Cloning ® Kit with a PCR™ 2.1-TOPO ® vector was used according to manufacturer instructions (Life Technologies, 2012, Carslbad, CA). The plasmids were screened for target marker presence using colony PCR, and a one-toone vector-to-insert ratio was verified using vector/insert primers and end-point PCR. Products were verified using agarose gel electrophoresis. Seven plasmid standards were prepared for each assay as a ten-fold serial dilution (ranging from 6.5 to 6.5 × 10 6 gene copies per reaction) and tested in duplicate to confirm PCR efficiency and sensitivity for each assay using standard curves. A set of four standards (1, 3, 5
and 7 in duplicate) was included with each PCR assay quantification. To identify a natural gene copy cut-off for the qPCR assay, at the level of the test, the numbers for each assay were visualized using histograms.
Data preparation and analysis
The entire data set for the study was comprised of the 716 presumptive E. coli positive samples that were tested using the qPCR assay. The following Bacteroidales statuses were assigned to each record in the data set based on established 
RESULTS
The PCR reaction efficiencies were 97.1, 96.8 and 94.8%
for the BacHuman, BacBovine 1 and BacGeneral assays, (also displayed in Figure 4 ). Fecal contamination in wells within this cluster was 1.52 times more likely to originate from human hosts than for wells outside of the cluster.
No differences in cluster location, radius or statistical significance were observed during the analysis performed to ensure no bias. There were no significant clusters of bovine or general contamination identified from the spatial clustering analysis. 
CONCLUSIONS
This was the first study to combine MST methods with geospatial analysis techniques to investigate private well water quality. We demonstrated that human feces were the primary contributor to private well water contamination in southeastern Ontario, with a statistically significant cluster of human contamination existing within the region. These findings will enable further research into the detection of human-specific pathogens, which are of public health concern. Furthermore, establishing a human cluster region allows for future investigation into the origins of contamination and the targeting of public health interventions based on source and elevated risk.
